Abstract-Conventional conductive method, where antennas on the device under test (DUT) are disconnected from antenna ports and replaced with radio frequency (RF) coaxial cables, has been dominantly utilized in industry to evaluate multiple-input multiple-output capable terminals. However, direct RF cable connection introduces many practical problems and a radiated method to replace cable connection is highly desirable. Existing wireless cable method relies on the knowledge of a transfer matrix between the channel emulator (CE) output ports and DUT antenna ports, and also requires an anechoic chamber, which might be impractical and expensive. In this paper, a novel wireless cable method is proposed and experimentally validated. By recording the average power (i.e., reference signal received power in the long-term evolution) per DUT antenna port and selecting optimal complex weights at the CE output ports, a wireless cable connection can be achieved. The proposed method can be executed in a small RF shielded anechoic box and offers low system cost, high measurement reliability, and repeatability.
evaluation [7] , [8] . In the conductive testing, antennas on the device under test (DUT) are disconnected from antenna ports and replaced with radio frequency (RF) coaxial cables, i.e., with antennas bypassed. In this way, specified test signals are guided directly to the DUT antenna ports via RF cables in a conductive manner. Conductive testing has been seen as an attractive and acceptable choice in the early stage of chipset and baseband development [9] . However, in a later stage of product Development, it requires breaking or otherwise modifying the DUT and presents many shortcomings in practice [9] , [10] . An alternative testing method without cable connection is highly desired.
The over-the-air (OTA) method, which eliminates the need for cable connections, is becoming more important and popular [3] [4] [5] [6] [7] [8] . Various OTA methodologies have been proposed and discussed in the literature, e.g., the reverberation chamber (RC)-based method [11] , [12] , the radiated two-stage method [6] , [10] , [13] , [14] , and the multiprobe anechoic chamber (MPAC) method [15] . Various methods differ in how spatial propagation channels can be emulated, in which the multiantenna terminals are tested. Furthermore, among the mentioned methods, only the MPAC and radiated twostage methods are shown to be capable of emulating arbitrary spatial channel models even in principle [3] , [4] , [6] . The wireless industry, through CTIA and 3GPP standardization bodies, has been working on standard multiple-input multipleoutput (MIMO) OTA testing methodologies. MIMO OTA methods aim typically at end-to-end performance testing, i.e., with DUT antennas included. As for the widely adopted conductive testing, true antenna characteristics at the DUT are typically neglected. DUT antenna characteristics, if known, can be embedded in the channel models for performance evaluation as well [10] , [16] .
With the MPAC method, controllable RF multipath propagation environments can be physically mimicked and controlled at DUT location in a repeatable way, by using a radio channel emulator (CE) connected to an array of probe antennas within an anechoic chamber [15] . One major drawback of the MPAC method is its cost, where a large number of probe antennas (each of which is connected to a CE RF interface channel) and anechoic chambers are required to ensure target channel models can be accurately reproduced over a test area suitable for mobile terminals. For example, to emulate a dual-polarized 2-D standard channel models, e.g., standard spatial channel model-extended (SCME) urban micro (UMi) and SCME urban macro (UMa) [17] , eight dual-polarized probe antennas (i.e., 16 CE RF interface channels) are recommended in the standardization [3] , [4] . The dimension of the anechoic 0018-926X © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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chamber should also be sufficiently large to ensure that DUT and probe antennas are within each other's far-field zones. Setting up a 3-D MPAC configuration, which is required to emulate more realistic 3-D channel models, necessitates more probe antennas and, therefore, a need for more expensive setups [18] . Furthermore, utilizing MPAC method as a means to evaluate physically large DUTs [e.g., base stations (BSs), cars, and so on] would result in cost-prohibitive designs, due to the large test area requirement.
With the radiated two-stage method, a nonintrusive complex radiation-pattern measurement of receive (Rx) antennas on the DUT is required in the first stage [10] , [13] , [14] . The measured radiation patterns are then incorporated with target channel models in the CE in the second stage. To direct signals from each probe antenna to desired DUT antenna port without RF cable connection, a transfer matrix between CE output ports and DUT antenna ports needs to be measured and calibrated out to achieve a "wireless cable transmission" in the second stage [10] , [13] , [14] , [19] . With the MPAC method, the DUT is evaluated in the emulated RF propagation environments as it would operate in real world. It is therefore a true end-to-end performance evaluation, without a need to know DUT antenna characteristics. However, DUT antenna characteristics need to be completely known in advance and included in channel models for the radiated two-stage method. As a result, it might be problematic with adaptive DUT antenna patterns.
The wireless cable concept is highly attractive. With this concept, the number of required RF interface channels for the CE is required only to match the number of receive (Rx) antennas on the DUT, regardless of the complexity of the chosen channel model and DUT size [6] , [10] , [19] . Note that mobile terminals are often equipped with few Rx antennas, due to the small form factor. The wireless cable concept has been discussed for evaluating MIMO handsets in the radiated two-stage method [10] and for electrically large objects [19] . However, the existing method to achieve wireless cable is practically challenging, since there is a need to measure the transfer matrix in an accurate way. For mobile handset testing, an anechoic chamber is required, as detailed in [10] . In this paper, we propose a novel calibration method to achieve wireless cable transmission for MIMO handset testing. The proposed method is attractive, since it does not require a knowledge of the transfer matrix. Furthermore, measurements can be done in any static environment that offers frequency flat transfer matrix over the considered bandwidth (e.g., a small RF shielded anechoic box), which can greatly reduce system cost compared with setups proposed in [10] . Note that the proposed method can be readily applied in the automotive industry to evaluate antenna systems on the cars [20] [21] [22] [23] , though the focus in this paper is on mobile terminals. The main contributions of this paper lie in the following. 1) A novel calibration procedure to achieve a wireless cable transmission is presented. 2) The proposed method is experimentally validated, via comparing measured throughout results in the proposed setup and in the conductive testing.
3) The impact of isolation levels (i.e., a measure of wireless cable connection quality) on measured throughput results is investigated. 4) The impact of branch power radio (BPR) and channel correlation on the measured throughput is investigated based on the proposed wireless cable method.
II. METHOD
For an MIMO system equipped with M transmitter (Tx) and N receiver (Rx) antennas, the time-variant channel frequency response (CFR) is given by H( f, t) ∈ C N×M , with h n,m ( f, t) the CFR from the mth Tx to the nth Rx. The CFR includes both the multipath propagation and the antenna patterns at the Tx and Rx sides.
The MIMO signal model can be written as
where y( f, t) ∈ C N×1 denotes receive signal vector at the N Rx antenna ports, x( f, t) ∈ C M×1 denotes transmit signal vector at the M Tx antenna port, and n( f, t) ∈ C N×1 denotes the noise vector at the N Rx antenna ports. The objective is to achieve a specified signal vector y( f, t) for relevant MIMO receivers and to evaluate how MIMO receivers operate under the specified signals. Therefore, noise vector is ignored in the study for the sake of simplicity. In this section, we first briefly explain the basic principles of the conductive cable method and the wireless cable method. After that, we propose a new calibration method to achieve the wireless cable transmission. The radiated two-stage method proposed in [10] is named here after as the reference wireless cable method. Note that the main goal of this paper is to replace conventional conductive testing (i.e., cable connection) with a wireless cable method. Therefore, DUT antenna patterns are neglected. As explained earlier, DUT antenna characteristics are typically neglected in conductive testing. However, complex DUT antenna radiation patterns can be included in channel models if available. In the following, we take 2 × 2 MIMO as an example in the discussion.
A. Problem Statement 1) Conductive Cable Testing:
As shown in Fig. 1 , the system consists of a BS emulator, a CE, and a DUT. The BS emulator mimics the cellular network end of the link. The CE performs convolution of Tx signals with target channel impulse responses (CIRs). The RF cables direct the specified signals to the DUT antenna ports, with DUT antennas bypassed. We have
where A ∈ C 2×2 is the transfer matrix, with a i, j the complex transfer coefficient between the j th CE output port and the i th DUT antenna port, i, j ∈ [1, 2] . Note that the cable loss and phase delay introduced by the propagation in RF cables can be easily measured and calibrated out in practical measurements. Therefore, for conductive testing, A = I 2 , with I 2 ∈ R 2×2 being the identity matrix, can be assumed for ideal cable connections (i.e., no crosstalk between cables, no cable loss, and no phase delay introduced by the propagation in a cable).
As shown in Fig. 1 3) The test connectors and cables might affect the device electronic performance, e.g., the inconsistency due to impedance mismatch between coaxial cable and connectors [10] . Device self-generated noise and interference cannot be modeled as well [10] . 4) Cable measurements are mostly convenient and reliable in conditions where the DUT is equipped with one or few antenna elements only and with the antenna connectors physically available. Now with, e.g., current LTE user equipment (UE), there are typically no antenna connectors available. If connectors have to be soldered for testing purposes to the printed circuit board of the UE, the device gets fragile, and the error probability when sequentially attaching/detaching RF cables increases significantly. Furthermore, for future 5G antenna systems equipped with possibly hundreds of antennas, hundreds of cable connections to the antenna ports and respective hardware would be required, leading to error-prone, complicated, and cost-prohibitive setups. 5) Conductive setups can be cumbersome, especially for 5G millimeter-wave bands where waveguides are used to replace high lossy RF cables. 6) DUT might be optimized for conducted testing, which will give unrealistic performance results.
2) Wireless Cable Method:
A system diagram of the wireless cable method is shown in Fig. 2 , where the basic idea is that the transfer matrix A can be calibrated out in the CE to achieve the wireless cable connection. With the wireless cable method, the received signal vector at DUT antenna port can be expressed as
where A is the transfer matrix between the CE output ports and the Rx antenna ports. G is the calibration matrix, which satisfies AG = I N ∈ R N×N . G H( f, t) is the channel model implemented in the CE. The objective of wireless cable method is to achieve radiated cable connection. As shown in Fig. 2 , for a 2 × 2 MIMO case with K = 2, without compensating the transfer matrix A, i.e., with G = I 2 set, s 1 ( f, t) would be transmitted directly from the OTA antenna 1, causing s 1 ( f, t) to appear at both Rx antenna ports with different amplitude and phase shifts. Similarly, s 2 ( f, t) transmitted from OTA antenna 2 will also be received by both Rx antenna ports at different amplitudes and phases. With the transfer matrix calibrated out (i.e., AG = I 2 ), we can ensure that s 1 ( f, t) is received only by Rx antenna port 1 and
is received only by Rx antenna port 2, which is equivalent to conducted cable testing, however, without actual RF cable connections. As the method name suggests, we achieve a wireless cable connection. It is noted that we need to ensure the number of OTA antennas (K ) is no less than the number of UE antennas (N) in the system design. To achieve wireless cable connections, we need to ensure that AG approximates I N . AG would fail to approximate I N with K < N, since it would be rank deficient: rank( AG) ≤ min(rank( A),rank(G)) ≤ K < N, where rank() denotes the rank operator. For a system with K ≥ N, if A has full rank, i.e., rank( A) = N, rank( AG) = N can be obtained with rank(G) = N.
However, it is not a trivial task to obtain the transfer matrix A. In [10] , it was proposed that the complex transfer matrix A can be calculated from the complex OTA antenna gains, the complex propagation coefficients from OTA antennas to DUT antennas, and the complex DUT antenna gains. It was mentioned in [10] that it is always possible to have a nonsingular A, via rotating the DUT. How accurate the specified signal vector y( f, t) can be reproduced at the DUT antenna ports depends on the measurement accuracy of transfer matrix A. However, the reference wireless cable method might be problematic and expensive in practice [10] .
1) Accurate knowledge of complex radiation patterns and placement of all OTA antennas is required. The measured complex antenna pattern accuracy might suffer from practical nonidealities, e.g., cable effect. 2) Accurate knowledge of complex radiation patterns and placement of all DUT antennas is required. A nonintrusive, complex radiation-pattern measurement of DUT antenna patterns is challenging, and it is not currently mandatory in any standard and thus not enabled by all terminal vendors. 3) An ideal line-of-sight propagation (i.e., free space) without any reflection inside the anechoic chamber from OTA antennas to DUT antennas is assumed to calculate the complex propagation coefficients. With the reference method, an isolation level up to 18 and 20.5 dB were reported in [13] and [14] , respectively. In [19] , the wireless cable technique was applied for measuring large objects in a nonanechoic scenario. However, the transfer matrix A was directly measured. This, however, requires access to the DUT antenna connectors, and therefore is not suitable for handset radiated testing.
B. Proposed Wireless Cable Method 1) System Diagram:
The system diagram of the proposed method is shown in Fig. 3 . The system consists of a BS emulator with two output ports, a CE with two input ports and four output ports (as numbered in the figure), two external RF combiners (i.e., one combiner connected to CE output ports 1 and 3, and another one connected to CE output ports 2 and 4), a small RF shielded anechoic box, and a DUT. With the proposed method, it is required that the CE should support phase and gain control at the each CE output port. A tool is installed in a computer to collect the average receive power level [i.e., reference signal received power (RSRP) value in LTE] for each DUT antenna. A universal serial bus cable is used to connect the DUT to the computer. Note that the focus of this paper is on the downlink (i.e., from BS to the UE). As for the uplink, one of the OTA antennas connected to the CE can be utilized to realize uplink connection, where a built-in RF circulator in the CE output port can separate the downlink and uplink signals. The uplink is omitted in Fig. 3 for simplicity. 2) Signal Model: The signal at the CE output ports 1-4 can be expressed as c 1 s 1 ( f, t), c 1 w 1 s 1 ( f, t), c 2 s 2 ( f, t) , and c 2 w 2 s 2 ( f, t), respectively, with
where w 1 is the complex weight allocated to one of the two ports transmitting s 1 ( f, t) (i.e., 1 or 2) and w 2 is the complex weight allocated to one of the two ports transmitting s 2 ( f, t) (i.e., 3 or 4), as shown in Fig. 3 . c 1 and c 2 denote the gain weight to set the power level for the first and second wireless cable connection, respectively, as discussed later. The received signal vector at DUT antenna ports can be expressed as
Note that matrix in the curly bracket is the channel model implemented in the CE. A c 1 1
time-variant matrix containing weights of signals at CE output ports, the time-variant radio channel model H( f, t), and the static transfer matrix A inside the RF shielded anechoic box (including effects of OTA antennas, multipath propagation inside the RF shielded anechoic box, DUT antennas, OTA antennas, cables, and connectors). For notational clarity, we name
with its (i, j )th entry as b i, j . To achieve wireless cable transmission, we need to ensure in all cases the specified signal vector y( f, t) = H( f, t)x( f, t) at the DUT antenna ports. This can be achieved if matrix B can be forced into an identity matrix, via selecting complex weights w 1 and w 2 , and gain weights c 1 and c 2 . The objective function can be written as
As shown in Fig. 4 , which is an equivalent system diagram of the proposed method shown in Fig. 3 , we have the following. (7), similar to the reference wireless cable method. As discussed in Section II-A2, it is difficult to obtain calibration matrix A accurately in practice.
3) Calibration Procedure: In this section, we describe a novel calibration procedure to determine complex weights w 1 and w 2 , and gain weights c 1 and c 2 . Wireless cable connections can be achieved under two conditions. 1) Crosstalks b 21 and b 12 are minimized.
2) b 11 and b 22 are balanced to ensure a BPR 0 dB between the two DUT antenna ports. Inspired by this, a novel calibration method is proposed to achieve the wireless cable transmission, as detailed in the following.
1) Locate the DUT in an RF shielded anechoic box.
2) Set channel models in a bypassed mode in the CE (i.e., H = I 2 ), and establish a call in the spatial multiplexing mode. 3) Find optimal complex weight w 1 to establish the first wireless cable transmission from s 1 to y 1 . a) Enable CE output ports transmitting s 1 and w 1 s 1 (i.e., ports 1 and 2), and disable CE output ports transmitting s 2 and w 2 s 2 (i.e., ports 3 and 4). Gain weight c 1 is set to a value that offers good signal quality at the Rx antenna ports. b) The RSRP values at the two Rx antenna ports with only s 1 active are
where P(x 1 ) is the average power level for the Tx signal x 1 . According to (6) 
5) Analogous to ensure the same cable loss for cables in the conductive testing, we need to ensure that propagation coefficients for the desired direct links (i.e., b 11 and b 22 ) are balanced. Balanced branches can be achieved via adjusting gain weight c i for i ∈ [1, 2] as
In this step, a BPR = 0 dB is targeted. As shown later, different BPR values for MIMO performance testing can be realized, via selecting attenuation coefficients for the wireless cable. Note that balancing branch power would not affect the isolation between the two wireless cable connections, since complex weights w 1 and w 2 are not altered. Fig. 3 , there is no need for external RF combiners. Furthermore, it offers another dimension of optimization (i.e., across routing matrices).
6) After the calibration stage, a wireless cable connection (i.e., low crosstalk and balanced branches) is established, via setting the complex weight w 1 and w 2 and gain weight c 1 and c 2 for each CE output port. We can perform actual throughout measurements with desired channel models H(t, f ). Similar to the reference method in [10] , the DUT stayed untouched during the whole test, which implies that a fully automated testing can be utilized. The calibration procedure and the actual performance testing with specified channel models can be performed smoothly, without operator intervention.
C. Setup With K > N
We have discussed the proposed method for setup with K = N = 2. In this section, we discuss cases, where we have more OTA antennas than DUT antennas, i.e., K > N.
As mentioned earlier, it is likely that a good wireless cable transmission cannot be established in some unfavorable conditions. With K = N, a favorable condition can be found via altering the transfer matrix A( f ) following a trial and error process, e.g., relocating or rotating the DUT, repositioning OTA antennas, or e.g., putting intentional metallic reflectors inside the RF shielded anechoic box. However, this would necessitate changes in the setup. With K > N, we have the flexibility to search for the optimal routing matrix that presents the best wireless cable connection. Routing matrix defines how signals s 1 ( f, t) and s 2 ( f, t) are linked to OTA antennas in the CE. For 2 × 2 MIMO with K = 2, as shown in Fig. 3 , there is no flexibility for routing, since the number of signals is the same as the number of OTA antennas. In this section, we take 2 × 2 MIMO with K = 4 as an example in the discussion, as shown in Fig. 6 .
The received signal vector at DUT antenna ports can be expressed as y( f, t) = ARs( f, t) (13) where A ∈ C 2×4 is the transfer matrix from CE output ports to DUT antenna ports and R ∈ C 4×2 is the routing matrix within the CE.
For 2 × 2 MIMO with K = 4 as shown in Fig. 6 , we have two channels and four OTA antennas. Therefore, we have the flexibility to assign signals s 1 ( f, t) and s 2 ( f, t) to the four CE output ports. The routing matrix R defines on how signals s 1 ( f, t) and s 2 ( f, t) are assigned to CE output ports. With K = 4, the four CE output ports are divided to two groups, each with two ports. One group transmitting s 1 ( f, t) and w 1 s 1 ( f, t) and the other two ports transmitting s 2 ( f, t) and w 2 s 2 ( f, t) as a group. Therefore, we have three possibilities for the routing matrix R, that is
where the second routing matrix R is shown in Fig. 6 , i.e., ports 1 and 3 for s 1 ( f, t) and w 1 s 1 ( f, t) as a group, and ports 2 and 4 for s 2 ( f, t) and w 2 s 2 ( f, t) as another group, respectively. Similar to the discussions in Section II-B2, a wireless cable transmission can be achieved if A( f )R( f ) approximates the identity matrix I 2 . We can then follow the calibration procedure as discussed in Section II-B3 to find optimal complex weights and attenuation weights for each routing matrix. The routing matrix that offers best wireless cable transmission quality (i.e., with the lowest crosstalks) can be selected. As we can see, it is beneficial to have a CE that supports flexible routing (i.e., channel models can be flexible swapped in the CE).
With K > N, we can select the routing matrix that presents the best wireless cable connection, thus effective reducing the probability of unfavorable conditions. Furthermore, the setups remain the same during the whole measurement. The more OTA antennas we have, the better chances we can avoid unfavorable transfer matrix A, with the cost of longer time needed for the calibration stage. In this paper, we have discussed a 2 × 2 MIMO system with K = 2 or 4. The principle, however, can be easily extended to a general N × M MIMO system with K OTA antennas (K N).
D. Discussion
In the above discussion, a frequency flat transfer matrix A over the considered LTE bandwidth is assumed. The proposed wireless cable method only works when the transfer matrix A is frequency flat over the considered LTE bandwidth. As detailed in Section II-B, the basic procedure of the proposed method is that we sweep the complex weight w 1 and w 2 allocated to the CE output port and monitor the received RSRP value per DUT port. Since we only have the measured RSRP value available for each DUT port for the full LTE band, we can only obtain one value for each weight w 1 and w 2 over the whole band. If the transfer matrix A is frequency selective in the band, we need a different w 1 and w 2 values to achieve the wireless cable connection for each frequency sample inside the LTE band. This is not feasible, since one RSRP value per frequency sample is not available in the LTE throughput measurement. This narrowband assumption might be violated when a DUT has a large system bandwidth or the utilized RF shielded enclosure is highly reflective (e.g., a metallic RC). This narrowband requirement is easy to meet in practical measurements. In this paper, the considered LTE system bandwidth is rather narrow, i.e., up to 20 MHz. Furthermore, either an anechoic chamber or a small anechoic shielded anechoic box equipped with absorbers that provide high attenuation is utilized in this paper, as detailed in the measurement Section III-A.
There are cases where transfer function A is not favorable. As explained in Section II-B, to achieve a wireless cable connection, we need to ensure that A c 1 21 and a 12 = a 22 ). Furthermore, we might need to sweep a large range to obtain the optimal amplitude term in the complex weight w 1 and w 2 , which might be not supported due to the limited dynamic range in the CE output port. Furthermore, it takes long calibration time to sweep a large amplitude range. As discussed, we can find a favorable condition via altering the transfer function A. Furthermore, as discussed in Section I, UE antenna patterns are not inherently included in the cable testing and wireless cable. We can embed the UE antenna patterns in the channel models in the performance testing once they are completely known in advance and static. However, this is a problem if UE antennas are adaptive, i.e., UE antennas can adapt to the RF propagation environments. Therefore, it is not possible to evaluate UEs with adaptive antennas with the proposed wireless cable method.
III. MEASUREMENT EQUIPMENT AND SETUP

A. Measurement System
The measurement system is shown in Fig. 6 and detailed in Table I . Note that the DUT internal antennas were replaced by an external LTE mock-up antenna to support multiband measurements [26] , though results in one band are shown in this paper. Notice that the testing can be performed in any static environment that offers frequency flat transfer matrix A in principle. An RF shielded enclosure is preferred, since it is cost-effective and can exclude external unwanted interference and noises. In this paper, to validate the robustness of the proposed calibration procedure, calibration measurements in two different scenarios were performed, one in an RF shielded anechoic box and the other in an anechoic chamber, as detailed in Table I . The calibration results for the anechoic chamber and the RF shielded anechoic box were detailed in Sections III-B and IV-A, respectively. Note that throughout measurements were performed only in the RF shielded anechoic box. A photograph of the measured mobile station in an RF shielded anechoic box is shown in Fig. 7 . To check whether the transfer matrix A is frequency flat within the LTE bandwidth inside the RF shielded anechoic enclosure, a coherence bandwidth was measured. We connect one port of a vector network analyzer (VNA) to one of the probe antennas and the other port of the VNA to a wideband antenna located in the center of the RF shielded anechoic enclosure. We recorded the complex transmission coefficients S 21 ( f ) at the center frequency of 1.8425 GHz with a span of 500 MHz for each of the four probe antennas. For each transmission coefficient, a total of 1601 frequency points were stored. An inverse Fourier transform was then performed to obtain the CIRs between the probe antenna and the antenna placed in the center of the RF shielded anechoic enclosure. The measured CIRs are shown in Fig. 8 . From the measured CIRs, we calculated the delay spread δ τ with a dynamic range of 40 dB. As we can see, the delay spread δ τ ranges from 2.3 to 3.2 ns, and the calculated coherence bandwidth C BW = 1/δ τ is more than 300 MHz. The coherence bandwidth in the RF shielded anechoic enclosure is much larger than the LTE system bandwidth. Therefore, we can assume a frequency flat transfer matrix A within the LTE bandwidth.
B. Measured Results for the Calibration Stage
In this section, an example of measured results for the calibration stage in the anechoic chamber is demonstrated. Fig. 9 . Routing matrix R 1 offers the best isolation performance, with an isolation level of 11.1 dB achieved for the worse wireless cable connection (I 1 = 19.8 dB and I 2 = 11.1 dB). The determined optimal phase tuning values arê ϕ 1 = 96°andφ 2 = 88°, respectively. Note that for routing matrix R 2 , a negative isolation (i.e., crosstalk stronger than the direct link) was present for all phase tuning values.
After the phase tuning stage, the best routing matrix R 1 was selected. In the gain tuning stage, we set w 1 = α 1 exp(− jφ 1 ) and w 2 = α 1 exp(− jφ 1 ), with a 1 and a 2 swept within [−11, 0] dB with a 1-dB step. The determined optimal gain tuning values areâ 1 = −5 dB andφ 2 = −7 dB, respectively, as shown in Fig. 10 . An isolation level of 17.6 dB achieved for the worse wireless cable connection. Note that an isolation level of 13.5 dB for the worse wireless cable before gain tuning was shown in Fig. 10 , which is different from the achieved 11.1 dB reported in Fig. 9 . This is mainly due to the measurement uncertainties for the cross-links. The measured RSRP values for cross-links at optimal phase tuning values are small, which are susceptible to system nonidealities, e.g., noise and interference. This is, however, not the case for the direct link at optimal phase tuning value due to its high signal strength. After the gain tuning stage, the isolation levels can be further improved, as expected. As seen in Fig. 10 , the branch power is not balanced, with a higher RSRP value for the first wireless cable connection (i.e., the red dots). To balance the two branches, the first wireless connection should be attenuated, as discussed earlier.
Finally, the measured RSRP value per DUT antenna port after the branch balancing stage is shown in Table II . The isolation levels achieved for the two wireless cable connections are I 1 = 25.5 dB and I 2 = 17.6 dB, respectively. Furthermore, the two branches are balanced, with P(y 1 ) = −73.1 dBm and P(y 2 ) = −73.0 dBm, respectively.
Note that it took around 3 min to complete the whole calibration procedure in the measurements.
C. Throughput Measurement Procedure
After the calibration stage, a wireless cable transmission is achieved. The wireless cable connection will be maintained during the throughput measurement, as long as complex weights for all CE output ports are unaltered. The throughput measurement procedure is detailed in [3] . Note that the interference and noise are not modeled in the CE for simplicity. We can perform the MIMO throughput performance testing under arbitrary channel and noise conditions, once a wireless cable connection is established. In the conductive case, the additive white Gaussian noise is generated independently for each CE output. Knowing the power level of CE input signal convolved with the sequence of CIRs, it is possible to adjust the generated noise power to achieve desired signal-to-noise ratio (SNR). Finally, desired H( f, t)x( f, t) + n( f, t) value can be fed to the DUT by RF cable. This works the same way for the proposed wireless cable setup. As we know, MIMO terminal performance is highly sensitive to noise conditions in real channels. Measured throughput generally decreases as the SNR drops [25] . In the MPAC setup, noises radiated by the OTA antennas can be generated as uncorrelated in the CE. However, noises received at different UE antennas might be spatially correlated. Note that this is not a problem for the proposed wireless cable method, since uncorrelated noise can be directly guided to each UE antenna port. During the throughput measurement, we first load specified channel models in the CE. We then attenuate all CE output ports with a common coefficient (γ dB) to achieve RSRP values required for maximum throughput. Note that a common scaling coefficient for all CE output ports will not affect the quality of the wireless cable connection. The RSRP value shown in throughput curves is an average of the RSRP values at two DUT antennas [3] . For each throughput measurement point, 20 000 subframes per stream were utilized, as suggested in [3] . After the first throughput measurement point was done, RSRP values were decreased with a 2-dB step, via attenuating all CE output ports with a common (γ + 2) dB coefficient, and then, we repeat the throughput measurement. We continue to reduce the RSRP values with a 2-dB step and repeat the throughput measurement until the LTE throughput reaches below 10% of the maximum throughput. Note that we use throughput percent, defined as the throughput normalized by its maximum value (i.e., 20.6 Mb/s) in this paper, for the sake of easy exhibition. The measurement time depends directly on measurement settings, e.g., the number of measured throughput points, number of subframes per stream, and so on. With the specified settings in the measurement campaign, it took around 3 min to obtain each throughput curve. As mentioned earlier, throughput measurement results reported in this paper were all performed in the RF shielded anechoic box, as shown in Fig. 7 .
IV. MEASURED RESULTS
A. Calibration Results for the RF Shielded Anechoic Box
The achieved isolation level of the best routing matrix with phase tuning in the calibration stage in the RF shielded anechoic box is shown in Fig. 11 . The achieved isolation is I 1 = 34.3 dB and I 2 = 25 dB, respectively. Note that the gain tuning stage was skipped, since a good isolation level had achieved already with only phase tuning.
B. Validation Measurement
To experimentally validate the proposed wireless cable technique, measured throughput results in the proposed setup were compared with results achieved in the conductive setup. The measurement system for the conductive setup is shown in Fig. 1 , and a photograph is shown in Fig. 12 . Similar to the throughput measurement procedure for the wireless cable setups, we decreased the RSRP values at the DUT antennas in the conductive setup for each throughput measurement point, via attenuating two CE output ports connected to the two DUT antennas with a common attenuation coefficient in the conductive testing. Note that different attenuation coefficients would introduce branch power difference, which would affect the measured MIMO throughput performance.
Two representative 2 × 2 MIMO channel models, i.e., one uncorrelated with ρ = 0 and the other fully correlated with ρ = 1, are selected in the validation measurements. As explained earlier, BPR = 0 dB was set both for the conductive and the wireless cable setup in the validation measurements. The validation measurement results are shown in Fig. 13 . The measured throughput in uncorrelated channels is higher than in fully correlated channels with the same RSRP values, as expected. With the uncorrelated channel model, maximum throughput can be achieved with an average RSRP value around −106 dBm. However, maximum throughput is much more difficult to achieve in the fully correlated channel, where an average RSRP value of more than −95 dBm is needed.
For the uncorrelated channel model, an excellent agreement is achieved for the throughput results measured in the conductive and the proposed setup, as shown in Fig. 13 . A small deviation between the measured throughput results exists in the two setups in fully correlated channels. The difference in RSRP values is up to 0.5 dB at 70% maximum throughput. The channel correlation properties might be slightly altered due to measurement uncertainty in the system. MIMO throughput is highly sensitive to channel correlation in the high correlation region (e.g., ρ > 0.7) and not sensitive to channel correlation values in the low correlation region (ρ < 0.5), as shown later. With ρ = 1, the channel correlation can be easily decorrelated due to system nonidealities, which would affect measured throughput results. Throughput measurement results in the uncorrelated channel model are more tolerable to system nonidealities. The validation measurement results demonstrated that the proposed setup can replace the conductive setup.
C. Impact of Isolation Levels
To utilize the proposed method in practice, it is of importance to know the impact of a degraded isolation level on the measured throughput results. The goal is to determine the level of isolation needed to ensure a good wireless cable transmission quality. A similar study was reported for the reference method in [14] , where various isolation levels were achieved via modifying the inverse transfer matrix A + with errors. Results demonstrated that with an isolation level around 14 dB, an RSRP error of around 0.5 dB at 70% maximum throughput can be observed. The considered channel models are the SCME UMa and the SCME UMi channel models. However, it is not clear whether branch powers are still balanced after introducing errors in A + . In this paper, two wireless cables were balanced to achieve BPR = 0 dB, as explained in the calibration stage. Therefore, the throughput difference is only introduced by different channel correlations in channel models. The crosstalk between wireless cables would essentially change the channel correlations. The impact of isolation levels for the uncorrelated MIMO channel model (i.e., ρ = 0) and a high correlated channel model (i.e., ρ = 0.9) is shown in Figs. 14 and 15 , respectively. Due to lack of measurement time, only four isolation conditions were investigated for each channel model. An isolation level around I 1 = 35.5 dB and I 2 = 23.5 dB was best achieved for the two wireless cable transmissions with optimal complex weights w 1 and w 2 , respectively. The other degraded isolation values can be achieved via selecting different complex weights, as shown in Section III-B.
For the uncorrelated channel model in Fig. 14 , we set w 2 = α 0 exp(− jφ 2 ) fixed and select three different ϕ 1 values to achieve three isolation levels for the first wireless cable, i.e., 3.4, 11, and 35.5 dB, respectively. Note that the small difference in I 2 in different throughput measurements is due to the fact that the RSRP value of the cross-link was low and, therefore, sensitive to noise and interference, as explained earlier. With degraded isolation levels, the measured throughput results tend to get worse, since crosstalks would correlate the uncorrelated channel. It can be seen that a degraded isolation, with a level of 11 dB, has negligible impact on throughput. A degraded isolation case with low isolation levels (I 1 = 0.2 dB and I 22 = 0.7 dB) for both wirelesscable connections is shown as well (black curve in Fig. 14) . An error in the RSRP value of around 1.5 dB at 70% maximum throughput is observed. For the high correlated channel model, a similar analysis was performed. We set w 2 with optimal phase value and select three different ϕ 1 values to achieve three isolation levels for the first wireless cable, i.e., 10.4, 14.7, and 35.3 dB, respectively. Unlike the uncorrelated case, the measured throughput result tends to get better with degraded isolation levels. This is due to the fact that crosstalks would decorrelate the high correlated channel. The measured throughput result is slightly affected with an isolation level of I 1 = 10.4 dB, with a difference in RSRP values less than 0.5 dB at 70% maximum throughput.
Based on the measurement results, we can conclude that an isolation level of around 11 dB should be sufficient in practical setup to establish a good wireless cable.
D. Performance Analysis of a Commercial MIMO Handset
Low channel correlation and low BPR between antenna branches are two factors that are commonly aimed for when designing MIMO terminals. In this section, the impact of channel correlation coefficients and BPRs on measured throughput is investigated based on the proposed wireless cable technique.
1) BPR:
As explained earlier, an isolation level of I 1 = 34.3 dB and I 2 = 25 dB with BPR = 0 dB can be achieved for the two wireless cables with the calibration stage. Different BPR levels can be achieved, via attenuating one of the two wireless cables at the CE output ports. For example, to obtain a BPR = 3 dB, we can set 3-dB attenuation to the first wireless cable (i.e., two CE ports transmitting s 1 and w 1 · s 1 attenuated with 3 dB).
The impact of different BPR levels on measured throughput results for an uncorrelated channel model is shown in Fig. 16 . The measured throughput performance deteriorates, as the BPR level increases, as expected. Compared with the curve with BRP = 0 dB, a difference in RSRP values around 1 and 10 dB is observed at 70% maximum throughput for BPR = 3 and 24 dB, respectively.
2) Channel Correlation: The impact of different channel correlations on measured throughput results with BPR = 0 dB is shown in Fig. 17 . The measured throughput performance gets worse with higher channel correlation coefficient, as expected. Compared to the curve with ρ = 0, a difference in RSRP values less than 1 and around 5 dB is observed at 70% maximum throughput for ρ = 0.6 and ρ = 1, respectively. Furthermore, the higher the channel correlation, the larger the RSRP value required to achieve maximum throughput. The impact of channel correlation and BPR on the shape of throughput curve is different.
V. CONCLUSION A novel wireless cable method is proposed in this paper for MIMO capable terminal performance testing. The proposed method utilized the recorded RSRP value per DUT antenna to determine the optimal complex weights needed to achieve a wireless cable, thereby avoiding the need to measure the transfer matrix between the CE ports and DUT antenna ports. Furthermore, the method can be executed in any static environment, without a need for anechoic chambers. The proposed method is experimentally validated, via comparing measured throughput results in the proposed setup and the conductive setup. A deviation in the RSRP value up to 0.5 dB at 70% maximum throughput can be achieved between the two setups. An isolation level up to 25 dB between the wireless cable connection can be achieved in an RF shielded anechoic box with only phase tuning in the calibration stage. The impact of a degraded isolation level on the measured throughput results is investigated for the uncorrelated (ρ = 0) and high correlated (ρ = 0.9) MIMO channel, respectively. The measured throughput results showed that an isolation level of around 11 dB should be sufficient in practical setup to establish a good wireless cable. The impact of channel correlation and BPR values on measured throughput is investigated based on the proposed method. BPR measured results showed that a difference in RSRP values around 1 and 10 dB is observed at 70% maximum throughput for BPR = 3 and 24 dB, compared to the throughput curve with BRP = 0 dB, respectively. As for the channel correlation analysis, a difference in RSRP values around 5 dB is observed at 70% maximum throughput for ρ = 1, compared to the throughput curve with ρ = 0.
